Abstract For a wearable robotic system which includes the same redundancy as the human arm, configuring the joint angles of the robotic arm in accordance with those of the operators arm is one of the crucial control mechanisms to minimize the energy exchange between human and robot. Thus it is important to understand the redundancy resolution mechanism of the human arm such that the inverse kinematics solution of these two coupled systems becomes identical. In this paper, the redundancy resolution of the human arm based on the wrist position and orientation is provided as a closed form solution for the practical robot control algorithm, which enables the robot to form the natural human arm configuration as the operator changes the position and orientation of the end effector. For this, the redundancy of the arm is expressed mathematically by defining the swivel angle. Then the swivel angle is expressed as a superposition of two components, which are reference swivel angle and the swivel angle offset, respectively. The reference swivel angle based on the wrist position is defined by the kinematic criterion that maximizes the manipulability along the vector connecting the wrist and the virtual target point on the head region as a cluster of important sensory organs. Then the wrist orientation change is mapped into a joint angle availablility function output and translated to the swivel angle offset with respect to the reference swivel angle. Based on the inverse kinematic formula the controller can transform the position and orientation of the endeffector into the joint torque which enables the robot to follow up the operator's current joint configuration. The estimation performance was evaluated by utilizing a motion capture system and the results show that there is a high correlation between the estimated and calculated swivel angles.
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Introduction
Synergy between human arms and wearable robot systems (e.g. the exoskeletons) enables robots to support and assist physical capabilities of the human in various situations. In particular, the advent of high degree of freedom assistive wearable robots [28, 33, 36] enabled more objective and comprehensive rehabilitation programs for people who suffer from a variety of neuromuscular diseases [20, 33, 36, 44] . Healthy humans have flexible arm movement to manipulate objects and to avoid obstacles while robotic manipulators can augment power and reduce the fatigue due to heavy loads. By constructively combining the flexibility of natural human movements with the power of manipulation of robots, we can maximally utilize the support from the robot with minimum energy exchange between the wearable robots and their human users. For this, the motor control mechanism, which allows a particular motor task with a large degree of flexibility, needs to be formulated for the practical controller implementation in the assistive robots. In other words, the inverse kinematics solution resolving the redundancy of these two coupled systems must be identical in order to guarantee a seamless integration [18, 36] .
Earlier work to reveal the redundancy resolution of the human arm focused on posture-based motion control strategies [6, 7] based on Donders' law, which was originally proposed for eye movements. Most of the early work resolved the redundancy at the kinematic level by focusing on the desired hand posture under the kinematic constraint at a target location. Another line of research focuses on dynamic constraints such as the amount of work and energy [12, 27] . In this context, Soechting and his colleagues [38] proposed that the final arm posture is made by minimizing the amount of work required to move the hand from a starting to an ending position. The minimum-torquechange model is presented in [23, 41] . Tao et al. [12] presented an inverse kinematic solution which defines the natural elbow position by minimizing the total work done by joint torques. For more intuitive and feasible inverse kinematic solution for the humanmachine interface, the law for biomimetic trajectory planning of humans was studied and applied to the robot inverse kinematics [1, 34] . For this, dependencies among joint angles are analyzed and modelled by various system identification algorithms such as neural networks, ARX(Auto-Regressive Exogenous) and probabilistic models [10, 21] . Recently in our preliminary work, by focusing on the functional difference between the robotic system and the human, new kinematic constraints which utilize the head as a hidden target position was proposed [14, 18] . In these works, it is shown that natural hand posture for reaching activities is mainly configured to bring the hand efficiently back to the head region. However there are many tasks in daily living which require more sophisticated arm configurations such as rotating the door nob and pouring water into a cup. The redundancy resolution and control scheme mentioned above has limitations in estimating sophisticated human arm movement in various situations as a closed form solution. In order to overcome this limitation, it was tried to directly translate the muscular signal to joint torque information for the robot control based on surface electromyography (sEMG) signal data analysis [3, 39] . In this line of research, the Hill-type muscle model [11] is adopted to predict the muscle force using the EMG signal and its kinematic parameters. Since the human-machine interface based on sEMG signal is established at the neuromuscular level, the control model enables estimating the effects of muscle contractions even before these effects can be visually observed. This provides the basis for modeling more sophisticated control algorithms. However, the sEMG signal based control has fundamental limitations to be adopted as a stable robot control algorithm due to the non-causal EMG signal and the unstable physical contact between the sEMG electrode and the human skin. Thus in this paper, a more comprehensive and robust exoskeleton control algorithm based on the biologically inspired redundancy resolution model is presented. The proposed control model provides the reference swivel angle defined by the wrist position and the kinematic criterion that maximizes the manipulability along the vector connecting the wrist and the virtual target point on the head region as a cluster of important sensory organs. Then the wrist orientation change is mapped into a joint angle availablility function output and translated to the swivel angle offset with respect to the reference swivel angle. Based on the inverse kinematic formula, the controller can transform the position and orientation of the endeffector into the joint torque which enables the robot to follow up the operators's current joint configuration. The estimation performance was evaluated by utilizing a motion capture system and results show that there is a high correlation between the estimated and calculated swivel angles. The proposed work differs from our previous work [13, 17, 18] in the following aspects: 1) the orientation of the wrist is reflected on the swivel angle estimation considering the unique muscular and skeletal structure of the human arm
